Numerical simulation of industrial crystal growth is di¯cult due to its multidisciplinary nature and the complex geometry of the real-life growth equipment. An attempt is made to itemize physical phenomena dominant in the di¬erent methods for growth of bulk crystals from the melt and the vapor phase as well as to review corresponding numerical approaches. Academic research and industrial applications are compared. Development of a computational engine and a graphic user interface of the industry-oriented codes is discussed. A simulator for the entire growth process of bulk crystals by sublimation method is described.
Introduction
The aims of numerical simulation are to explain and to predict. Computational Fluid Dynamics (CFD) is certainly one of the most advanced computational technologies evolved from academic research into widespread industrial application. However, it is recognized that a non-expert is rarely able to apply CFD successfully to industrial problems [24] . CFD is considered as a relatively new and uncertain discipline, and a knowledge-based ¤ E-mail:bogdanov@softimpact.ru y E-mail:dima@softimpact.ru z E-mail:ai@softimpact.ru activity. To remedy the situation, EU has launched a huge project QNET-CFD [24], involving over 40 organizations from 11 states, with the aim not to perform actual research, but to assemble and arrange existing knowledge encapsulating use of CFD in di®erent industrial sectors (external aerodynamics, combustion, chemical and civil engineering, environment, turbo-machinery°ows) and to establish the best practice guidelines. Being based on CFD, numerical simulation of crystal growth inherits all its concerns and adds a number of other problems such as unknown phase boundary, facetting of crystal surface, anisotropic crystal properties, radiative heat transfer in the presence of both di®use and specular re°ecting surfaces and semi-transparent bodies, thermal stress, formation and evolution of point and extended defects during the growth as well as during the post-process cooling.
Numerical simulation is not a substitute for experiment, but provides a complement to it. Numerical models can provide detailed information on the°ow, temperature and concentration¯elds, strain in the crystals etc. which can be measured experimentally only partly or not at all. On the other hand, numerical models depend on experimental data (materials properties, boundary conditions and so on). Moreover, numerical predictions are unreliable unless models are validated using experimental data in the widest possible range of macroscopic parameters.
"Modelling" and "Simulation" are frequently used synonymously. In CFD community, however, the former usually refers to the development or modi¯cation of a model while the latter is reserved for the application of the model [23] . A model should relate the process speci¯cation (equipment geometry, materials properties and transport coefcients, technological parameters such as the heating power and heater position, crystal and crucible rotation rates, external electromagnetic¯elds, orientation of the growth facility etc.) to its outputs: crystals yield, quality, and production costs (see Table 1 ). The straightforward use of the model is referred to as a direct problem. From a practical point of view the inverse formulation is more useful: how one should change the equipment design or the process parameters to improve the crystal quality or to reduce production costs, for example. The simplest way is a "trial-and-error" approach: to use one's intuition to introduce changes in the process speci¯cation, perform simulation and evaluate results. A more systematic way is to state an inverse problem by indicating 1) which geometry characteristics or operating conditions (control parameters) could be varied and 2) what criteria should be used to measure the success of optimization. The
